Introduction
MXenes are a large family of 2D carbides and nitrides with a general formula M n+1 X n T x , where M stands for a transition 2D transition metal carbide Ti 3 C 2 T x (T stands for surface termination), the most widely studied MXene, has shown outstanding electrochemical properties and promise for a number of bulk applications. However, electronic properties of individual MXene flakes, which are important for understanding the potential of these materials, remain largely unexplored. Herein, a modified synthetic method is reported for producing high-quality monolayer Ti 3 C 2 T x flakes. Field-effect transistors (FETs) based on monolayer Ti 3 C 2 T x flakes are fabricated and their electronic properties are measured. Individual Ti 3 C 2 T x flakes exhibit a high conductivity of 4600 ± 1100 S cm −1 and field-effect electron mobility of 2.6 ± 0.7 cm 2 V −1 s −1 . The resistivity of multilayer Ti 3 C 2 T x films is only one order of magnitude higher than the resistivity of individual flakes, which indicates a surprisingly good electron transport through the surface terminations of different flakes, unlike in many other 2D materials. Finally, the fabricated FETs are used to investigate the environmental stability and kinetics of oxidation of Ti 3 C 2 T x flakes in humid air. The high-quality Ti 3 C 2 T x flakes are reasonably stable and remain highly conductive even after their exposure to air for more than 24 h. It is demonstrated that after the initial exponential decay the conductivity of Ti 3 C 2 T x flakes linearly decreases with time, which is consistent with their edge oxidation.
metal, X is carbon and/or nitrogen, and T is a surface termination. [1] MXenes are produced from layered ternary metal carbides/nitrides, called MAX phases, by chemical extraction of interleaving layers of an "A" element (group IIIA and IVA elements, e.g., Al). Fluoride-containing acidic solutions, such as HF, [1, 2] NH 4 HF 2 , [3] or LiF-HCl, [4] are used for the A-element (typically, Al) extraction, which results in mixed oxygen-and fluorine-containing surface terminations. It was found that MXenes' surface chemistry, [5] conductivity, [3] capacitance, [4, 6, 7] and other properties are significantly affected by the synthesis method. For example, HF etching results in predominantly fluoride-containing functional groups, whereas LiF−HCl treatment yields a material with mostly oxygencontaining surface groups. [8, 9] MXenes have demonstrated promise for a variety of applications and in particular for the energy storage in Li-ion, [1] Li-S, [10] Na-ion batteries, [11] and supercapacitors. [4, 6] Yet, the applications of this new family of the 2D materials in electronic devices, such as transistors and sensors, remain underdeveloped. [1, [12] [13] [14] One of the reasons for this is the lack of experimental data on electronic properties of single-and multi-layer MXenes. Electronic properties of the most widely studied MXene, Ti 3 C 2 T x , were measured for bulk, [4, 15] thin film, [3] and individual multilayer particles, [16] and-only recently-individual flakes [17] (see Table S1 in the Supporting Information for a comparison). However, studies of other 2D materials, such as graphene, [18] phosphorene, [19] transition metal chalcogenides, [20] etc., have demonstrated the importance of characterizing electronic transport properties of individual monolayers and few-layer flakes. Furthermore, electronic properties of the 2D flakes strongly depend on the materials fabrication approaches and synthesis conditions. With little information that is currently available on the electrical properties of individual flakes of Ti 3 C 2 T x , there is a limited understanding of how these properties depend on the approaches used for MXenes' synthesis. Further electrical characterization of individual Ti 3 C 2 T x flakes should establish the importance of the optimization of synthetic conditions for Ti 3 C 2 T x , provide insights into its intrinsic properties, and reveal its potential for relevant applications.
For electronic property studies, controlled synthesis and delamination of MXenes into large monolayer flakes of high quality is required. High-yield delamination strategies depend on the synthesis method. MXenes produced by HF etching require an additional step of intercalation with organic molecules, such as DMSO [21] or amines, [22, 23] whereas LiF−HCl etched MXene (also known as a "MXene clay") can be delaminated right away by sonication in water. [4] The purpose of this study is manifold. First, we report on the transport property measurements of monolayer Ti 3 C 2 T x flakes. Second, we show that electronic properties and environmental stability of Ti 3 C 2 T x flakes strongly depend on their synthesis conditions. Particular attention has been paid to the optimization of LiF−HCl etching of Ti 3 AlC 2 to produce large high-quality MXene flakes with low concentration of defects. Finally, we demonstrate that electrical measurements can be used to study the kinetics of environmental degradation of Ti 3 C 2 T x flakes, which is an important issue for some of MXenes' potential applications.
Results and Discussion
Two types of Ti 3 C 2 T x flakes were produced for this study. Following the original procedure (Route 1) reported by Ghidiu et al., [4] Ti 3 C 2 T x was synthesized by immersing Ti 3 AlC 2 powder into a LiF-HCl solution maintaining the molar ratio of LiF to MAX equal to 5:1 (see Experimental Section for details). Previous studies have shown that this method yields primarily monolayer flakes. [4] In the modified procedure (Route 2), the molar ratio of LiF to MAX was increased to 7.5:1 to provide excess of Li + ions for intercalation and the HCl to LiF ratio was doubled to facilitate etching of aluminum. Other aspects of the procedure remained identical, except no sonication was needed to delaminate Ti 3 C 2 T x particles that were produced using Route 2 (see Table 1 ). Key differences between Routes 1 and 2 are summarized in Figure 1A .
First, we evaluated the quality of Ti 3 C 2 T x flakes produced by different methods by electron microscopy techniques ( Figure 1B -E). Both solutions were drop-casted on silicon substrates and characterized by scanning electron microscopy (SEM). The majority of the flakes produced by Route 1 are 200-500 nm in diameter ( Figure 1B ), and despite their small size some of the flakes are not completely exfoliated. In contrast, Route 2 MXene flakes are substantially larger, ranging from 4 to 15 μm in size ( Figure 1D ); they look uniform, have clean surfaces and the same brightness in the image, suggesting that they likely have the same thickness. Further characterization of Ti 3 C 2 T x flakes produced by different methods was performed by transmission electron microscopy (TEM). Images of Ti 3 C 2 T x flakes prepared using Routes 1 and 2 are shown in Figure 1C and Figure 1E , respectively. Low magnification images reveal that synthetic conditions significantly affect shape, size, and morphology of the flakes. Ti 3 C 2 T x flakes produced by Route 1 are smaller and have uneven edges decorated with tiny dark particles ( Figure 1C ), which we attribute to titanium dioxide, based on the results of prior studies. [24] In high resolution TEM images, Ti 3 C 2 T x flakes produced by Route 1 reveal numerous pin holes ( Figure 1C ). On the other hand, flakes produced using Route 2 are larger, have well-defined and clean edges and are visually hole-free ( Figure 1E ). Crystallographic shape of the Route 2 MXene flakes in TEM images shows that MAX phase crystals can be delaminated without breaking the sheets. High-resolution (HR) TEM images that are presented in Figure 1C ,E demonstrate hexagonal arrangement of atoms, showing that the crystal structures of both flakes are identical, which was further confirmed by selected area electron diffraction (SAED) patterns. From this side-by-side comparison, it is clear that the modified synthesis procedure (Route 2) yields Ti 3 C 2 T x flakes of visibly higher quality and larger size compared to the flakes produced using Route 1. We attribute this improvement to the change in the composition of the etching solution, which facilitated both etching of aluminum and intercalation of lithium. As a result, multilayer Ti 3 C 2 T x flakes can be delaminated to monolayer flakes by a manual shake, with no need for sonication that shreds flakes into smaller pieces.
The mechanical properties of Ti 3 C 2 T x MXenes produced by Routes 1 and 2 are quite different. Once MXene material is synthesized by either method, it is filtered on a polyvinylidene difluoride (PVDF) membrane, forming a film (a "MXene paper"), which is then dried in vacuum. Optical photographs of the filtrated films of Ti 3 C 2 T x MXenes produced by both Routes 1 and 2 are shown in Figure 2A . The MXene paper prepared from the Route 1 Ti 3 C 2 T x can be easily ground to produce a fine black powder, see Figure 2A . However, more efforts are necessary to grind the filtrated Ti 3 C 2 T x film prepared by Route 2. Even shredding and more extensive grinding result in the material that consists of coarse shiny flakes, see Figure 2A . This is consistent with the results of SEM and TEM that demonstrate better exfoliation and larger flake size for the Ti 3 C 2 T x MXene material produced by Route 2, as large thin flakes are expected to stack better and form more mechanically stable structures.
Different stacking scenarios for the MXene flakes produced by two methods are manifested in the results of powder X-ray diffraction (XRD) measurements. Figure 2B shows that the XRD spectrum of the Route 2 Ti 3 C 2 T x flakes exhibits only a series of 00l reflections, indicating a layered structure of stacked flakes with an interplanar distance of 1.242 nm. In contrast, only 001 reflection is seen in the XRD pattern of the Route 1 Ti 3 C 2 T x flakes ( Figure 2B ), indicating that they form less ordered stacks compared to the flakes produced by Route 2. Also, this XRD pattern shows some peaks of the original MAX phase, which means that the transformation of MAX phase to MXene by Route 1 was not complete and some remaining incompletely exfoliated MAX particles are still present in the sample.
The thickness and shapes of the flakes produced by both methods were investigated by atomic force microscopy (AFM), see Figure 2C -G. The comparison of AFM images in Figure 2C and D presented at the same magnification shows that Ti 3 C 2 T x flakes synthesized by Route 2 are significantly larger compared to the material produced by Route 1. The AFM height profile measured along the blue dashed line in Figure 2D shows that all Ti 3 C 2 T x flakes have the same height of ≈ 2.7 nm ( Figure 2F ) and are identified as monolayers, as can be seen from Figure 2G that shows a folded Ti 3 C 2 T x flake produced by Route 2. The AFM height profile in the inset shows that the height of the folded region relative to the rest of the flake is ≈ 1.5 nm, which corresponds to a single layer of Ti 3 C 2 T x (according to DFT calculations and TEM studies, the thickness of an individual MXene flake is 0.98 nm [4, 25] ). However, the AFM height of the flake relative to the Si/SiO 2 substrate is 2.7 nm, as in case of Figure 2D ,F. The increased height is likely due to the presence of surface adsorbates, such as water molecules, that are trapped under the Ti 3 C 2 T x flake; similar observations have been previously reported for other 2D materials as well. [26] [27] [28] [29] In contrast, the AFM height profiles measured along the dashed lines in Figure 2C show that the flakes produced by Route 1 have different thicknesses ( Figure 2E ). This observation further supports incomplete exfoliation of MAX phase via Route 1, which is consistent with the results obtained by other materials characterization methods.
The comparison of XPS spectra in the Ti 2p region for MXenes produced by Routes 1 and 2 is presented in Figure 2H . The fitting and analysis of the spectra were performed as described in previous works. [5, 30, 31] While the signals that are marked as C-Ti-T x 2p 3/2 and C-Ti-T x 2p 1/2 [30] and correspond to Ti interactions with carbons and terminal atoms in Ti 3 C 2 T x look similar in both spectra, there is a visible increase in the signal intensities at ≈459 and ≈465 eV (these peaks are marked as TiO 2 2p 3/2 and TiO 2 2p 1/2 , respectively), [31] which is another indication of oxidation of MXenes produced via Route 1.
To study electronic properties of Ti 3 C 2 T x flakes, we fabricated field-effect transistors (FETs) with individual MXene flakes as conductive channels. First, the diluted colloidal solution of Ti 3 C 2 T x flakes with concentration of about 0.01 mg mL −1 produced by Route 2 was drop-casted onto a Si/SiO 2 substrate. Figure 3A shows the schematic illustration of the final Ti 3 C 2 T x -based FET on Si/SiO 2 substrate where Ti 3 C 2 T x flake bridges Cr/Au source (S) and drain (D) electrodes, and back gate (G) electrode, a conductive highly p-doped Si, is separated from the MXene flake by 300 nm of SiO 2 dielectric. SEM images of a typical Ti 3 C 2 T x flake before and after device fabrication are shown in Figure 3B , additional SEM images of Ti 3 C 2 T x devices are provided in Figure S2 in the Supporting Information.
The electrical properties of Route 2 Ti 3 C 2 T x FETs were investigated for a total of ten devices via the two-terminal method by measuring drain-source current (I DS ) while applying gate voltage (V G ) to the bottom electrode. Samples were kept at room temperature and drain-source voltage (V DS ) was 0.1 V. In order to reduce the effect of surface adsorbates, [32] the measurements were performed in vacuum (p ≈ 2 × 10 −6 Torr) after two days of evacuation. I DS -V DS curves ( Figure 3C ) exhibit a linear dependence, which indicates Ohmic behavior. Calculated sheet resistivity at V G = 0 is ρ = 1590 Ω  −1 . The results for other devices are summarized in Table S2 in the Supporting Information. The average resistivity for all measured devices is 2310 ± 570 Ω  −1 , which is comparable to the sheet resistivity of graphene. [33] Since the thickness of the Ti 3 C 2 T x flake is about 1 nm, [4, 25] the calculated single-flake resistivity is 2.31 ± 0.57 μΩ·m. We also performed resistivity measurements on the bulk Ti 3 C 2 T x clay using van der Paw method, see details in the Supporting Information ( Figure S3 and comments therein). Ti 3 C 2 T x film composed of exactly the same material as for monolayer property measurements revealed resistivity of 15.8 ± 1.3 μΩ·m. The difference between bulk and monolayer flake resistivities may be explained by the contribution of the contact resistances at the interfaces between individual MXene flakes, i.e., the resistance perpendicular to the basal plane. The difference between the resistivities of an individual monolayer Ti 3 C 2 T x flake and a film is within one order of magnitude, which is surprisingly small. In graphite, a stack of 2D sheets of graphene, the resistances perpendicular and parallel to the basal plane differs by three orders of magnitude. [34] In the recent study of Ti 3 C 2 T x particles, [16] the reported resistance anisotropy was also of about one order of magnitude. Moreover, the ratio strongly depended on the mechanical load (stretching or compressing) perpendicular to the basal plane, and comparable in-and out-of-plane resistances could be achieved when Ti 3 C 2 T x layers were pressed to each other. [16] These data as well as the results of our measurements demonstrate a good inter-flake conductance through the surface functional groups.
Application of external field via the gate electrode changes the Fermi level of MXene flakes, thus changing I DS . As can be seen from Figure 3D , I DS increases as V G increases, indicating that electrons are major charge carriers. Leakage current is negligible (on the order of 10 −11 A), so the electric field effect is intrinsic. Ti 3 C 2 T x field-effect electron mobility (μ FE ) was estimated by fitting the I DS -V G curve with Equation (1): [35] where C G is a capacitance of the 300 nm SiO 2 dielectric layer. The resulting value of μ FE for the device shown in Figure 3B is about 4.23 cm 2 V −1 s −1 . The mobility is consistent across all measured devices with the average value of 2.6 ± 0.7 cm 2 V −1 s −1 (see Table S2 in the Supporting Information for the summary of the results of electrical measurements). The distribution of the mobility values for MXene devices is rather narrow compared to a number of other solution-processed 2D materials, such as monolayer reduced graphene oxide (rGO) sheets [36] and nanoribbons, [37] suggesting the structural uniformity of Ti 3 C 2 T x flakes produced by Route 2. However, similarly to rGO monolayers, which due to defects and randomly distributed oxygencontaining functionalities have mobilities orders of magnitude lower than in pristine graphene, [36] non-periodic surface terminations (-OH, -F, -O) [8] in MXene flakes may negatively impact their mobilities. Also, SiO 2 surface and contaminations are known to contribute to mobility decrease in graphene due to electron-phonon [38] and Coulomb [35] scatterings. Encapsulation as well as dielectric screening can improve the mobility of Ti 3 C 2 T x devices, as shown for other 2D materials. [20, [39] [40] [41] [42] As we pointed out in the discussion of AFM results in Figure 2 , monolayer Ti 3 C 2 T x flakes on Si/SiO 2 show step heights larger their expected thickness of ≈ 1 nm, [4, 25] which is likely due to the presence of surface adsorbates. Water molecules are known to cover SiO 2 thermally grown on Si in ambient conditions by hydrogen bonding to the surface SiOH silanol groups. [43, 44] This hydrogen-bonded water cannot be completely desorbed by evacuation at room temperature, but can be removed by annealing at temperatures over 200 °C in dry environments. [45] In order to study the effect of adsorbed water on the electronic properties of Ti 3 C 2 T x devices, we annealed them at 300 °C in Ar for 30 min. This procedure resulted in the decrease of the AFM heights of the device channels from ≈ 2 to ≈1.5 nm ( Figure S4 , Supporting Information), which is comparable to the values measured for the relative thicknesses of folded regions of Ti 3 C 2 T x flakes ( Figure 2G ). The decrease in the AFM heights of Ti 3 C 2 T x channels after annealing is likely due to the thermal desorption of water. However, the annealing did not have a significant effect on the electronic properties of Ti 3 C 2 T x FETs, which remained qualitatively the same (see Figure S4 in the Supporting Information for details), so in the following experiments we discuss the results for devices prepared at room temperature.
Drop-casting of the Ti 3 C 2 T x colloidal solution produced by Route 1 onto Si/SiO 2 substrate mostly yielded non-uniform agglomerates of flakes which were not suitable for manufacturing devices with monolayer Ti 3 C 2 T x channels (see panel A in Figure S1 in the Supporting Information). Occasionally, small (< 5 μm) flakes could be spotted. FETs with Ti 3 C 2 T x flakes produced by Route 1 were fabricated using the same procedure as for the Route 2 flakes, and representative SEM images of the devices are shown in Figure S5 in the Supporting Information. The devices were not conductive, and we explain this results by a higher oxidation degree of the Route 1 flakes compared to the Route 2 ones ( Figure 2H) , and their lower environmental stability due to numerous pin-hole defects (Figure 1 C) , which facilitate oxidation of MXene flakes in air. These results, demonstrate the importance of the synthesis procedure for highquality and environmentally stable MXene flakes for electronic applications.
Monolayer MXene flakes cannot sustain prolonged exposure to oxygen in the presence of water [24] or at high temperature. [46] Previous studies showed the formation of titanium dioxide and carbon, with nucleation of titania crystals along the edges of MXene flakes. [46] For instance, when colloidal solution of delaminated MXene in water is exposed to air, Ti 3 C 2 T x flakes are completely oxidized within several days. This results in the solution color change from translucent black/brown to cloudy white, with a white precipitate of titania accumulating at the bottom of a vial. In this work, we studied kinetics of the environmental degradation of an individual Ti 3 C 2 T x flake in situ by measuring the change of FETs' conductivity in air as a function of time. Device measurements have been previously used to study kinetics of other reactions involving 2D materials, such as diazonium functionalization of graphene. [47] In these measurements we monitored the I DS every 10 s, while exposing one of the previously discussed Ti 3 C 2 T x devices to air at room temperature and relative humidity of ≈50%. Figure 4A shows the resulting time-dependence of I DS . Black points at time (t) < 0 correspond to the readings in vacuum before the device was exposed to air. The readings were stable in vacuum but once the lid of a vacuum chamber was opened, the drain-source current started to decrease (see red data points in Figure 4A ). The data were collected for 2.5 × 10 5 s (≈ 70 h) during which the I DS decreased from 20.5 to 16.7 μA. The I DS first decayed strongly in a non-linear manner within the initial ≈2 × 10 4 s, however, later, I DS exhibited a linear decay over time. It should also be noted that linear dependence of I DS -V DS curves was preserved after the device was kept in air for 70 h, which indicates the degradation of Ti 3 C 2 T x flake rather than contacts between the flake and metal electrodes.
The observed decrease in the conductivity of a Ti 3 C 2 T x flake represents interplay of several different effects. First of all, we consider molecular adsorption on Ti 3 C 2 T x flakes ( Figure 4B) . It was previously shown that surface adsorbates may cause doping of 2D materials, such as graphene. [32, 48, 49] In case of air, particularly important adsorbates are oxygen and water molecules, both of which have been demonstrated to behave as electron acceptors when adsorbed on graphene resulting in p-doping. [48, 50] Since we demonstrate that electrons are the major charge carriers in Ti 3 C 2 T x , its p-doping by surface adsorbates should result in a decrease in conductivity, which is consistent with our observations (Figure 4) . Also, this conductivity change should be reversible if the molecules are desorbed from the surface of a Ti 3 C 2 T x flake in vacuum. In order to estimate the contribution of the molecular adsorbates to the overall decrease in conductivity of the Ti 3 C 2 T x FET we measured the recovery of the I DS in vacuum after the prolonged exposure of the device to air; see the inset in Figure 4A . After evacuation of the Ti 3 C 2 T x FET, the I DS first increases but then saturates after ≈ 15 min, recovering only ≈0.8% (≈0.17 μA) of original I DS value (compared to the overall 18.5% loss (3.79 μA) of I DS during 70 h of the device exposure to air). These results suggest that the major contribution to conductivity decrease in air is irreversible and thus likely related to the oxidation of Ti 3 C 2 T x flakes in air ( Figure 4C ). Oxidation of Ti 3 C 2 T x resulting in the formation of titanium dioxide has been discussed in previous studies [24] and is also illustrated by Figure 1C and 2H. It is well known that oxidation of a 3D material often results in the formation of a passivating layer of a product that slows the reaction as it grows in thickness. The I DS -time dependence that illustrates the kinetics of oxidation of a 2D MXene looks noticeably different ( Figure 4A ). In the first ≈2 × 10 4 s, the I DS -time dependence shows an exponential decay and the oxidation rate indeed decreases with time, as expected. However, after the initial ≈2 × 10 4 s of exposure to air the oxidation rate does not decrease any further-it becomes constant and the I DS -time dependence enters the linear regime ( Figure 4A) .
These observations can be rationalized as follows. In the beginning of the experiment the edges of Ti 3 C 2 T x flake are fully exposed to air and the oxidation proceeds rather quickly. Titanium dioxide, formed at the edges of the flake, slows the reaction at first. However, further kinetics is different from the oxidation kinetic of a 3D material, where the oxidation product passivates the entire surface of a material and the reaction rate decreases as oxide layer become thicker. In case of the 2D edge oxidation of Ti 3 C 2 T x , the titanium oxide that forms at the sides of a flake does not fully passivate the material from the environment ( Figure 4C ). Furthermore, once the edges of the flakes are oxidized and the reaction is slowed down to a certain extent, then the oxidation should proceed with a nearly constant rate, because the oxidizing species diffuse not through the oxide layer, like in 3D case, but directly at the Ti 3 C 2 T x /TiO 2 interface ( Figure 4C ). We have recorded I DS -time dependencies for several Ti 3 C 2 T x FETs exposed to air, and in all cases after the initial exponential decay we observed a linear decrease in conductivity with time, which is consistent with the described model. We believe that similar kinetics could be observed for reactions involving other 2D materials as well, particularly when the reactions primarily happen at the edges rather than on the basal plane.
To further illustrate the transition from exponential decay to linear regime, we fitted the experimental data using the following equation:
where A, B, C, and γ are the fitting parameters. The fit worked very well in the entire time range as shown in the top panel in Figure 4D . The values extracted by fitting the experimental data with Equation (2) Figure 4D demonstrate individual contributions of linear and exponential parts of Equation (2) . They further demonstrate that the exponential term initially dominates, but then the contribution of the linear term becomes more important.
Edges of Ti 3 C 2 T x flakes and other structural defects (Ti vacancies and pin holes) are the most vulnerable sites for oxidation. For the Ti 3 C 2 T x flakes with high structural quality (prepared by Route 2), it is reasonable to assume that the edge oxidation will proceed faster than the oxidation at the basal plane and thus will make the largest contribution to the overall conductivity decrease. This scenario is illustrated by Figure 4C that shows that the edge oxidation decreases the width of the Ti 3 C 2 T x FET channel (w), which results in the conductivity decrease. To verify this assumption, we compared AFM images of as-prepared Ti 3 C 2 T x FETs with AFM images of the same device after prolonged exposure to air. Figure 4E shows that the Ti 3 C 2 T x channel of as-prepared device has a uniform thickness of ≈ 2 nm. After exposure to air the flake becomes visibly thicker at the edges, but the thickness does not change at the basal plane. This observation is consistent with the assumption that the environmental degradation primarily happens at the exposed edges of the Ti 3 C 2 T x flake, while the basal plane is reasonably inert to oxidation. The height profiles measured along the same portion of the Ti 3 C 2 T x channel before and after exposure to air for 70 h show that the flake thickness increases at the edges by ≈ 1 nm (see arrows in Figure 4E ). The AFM data confirm the conclusion made from the results of electrical measurements that environmental degradation of high-quality Ti 3 C 2 T x flakes is reasonably slow. Since the oxidized edges are less conductive than the interiors of Ti 3 C 2 T x flakes, they could be visualized by scanning electron microscopy. SEM images of Ti 3 C 2 T x flakes that were deposited on Si/SiO 2 substrates and exposed to air for several days show that the edges of flakes are visibly brighter than their interiors ( Figure S6 , Supporting Information)-such contrast was not observed for the Ti 3 C 2 T x flakes that were imaged shortly after their deposition on Si/ SiO 2 substrates, see Figure 1B ,D.
The sensitivity of the conductivity of Ti 3 C 2 T x to molecular adsorbates and some reversibility of the process suggest the potential of this material and other MXenes for sensor applications. Previously, different kinds of sensors were demonstrated for many other 2D materials, such as graphene, graphene oxide, and transition metal chalcogenides; which benefit from high surface-to-volume ratios and tunable electronic properties. [51, 52] Very rich surface chemistry of MXenes with about 20 compositions of various transition metals and their combinations available to date [53, 54] makes MXene FETs promising for sensing applications as well. Of course, the environmental degradation could be a serious issue for such sensors. However, considering that the oxidation of high-quality Ti 3 C 2 T x flakes primarily happens at the edges, this issue could be mitigated by passivating edges with inert oxide materials using, for example, a technique like atomic layer deposition, or encapsulating them with impermeable 2D materials, such as hexagonal boron nitride (h-BN).
Conclusions
In summary, we demonstrate an improved method of selective etching of Ti 3 AlC 2 , a MAX phase, which yields large high-quality monolayer Ti 3 C 2 T x MXene flakes with well-defined and clean edges and visually defect-free surfaces. We fabricated FETs based on monolayer Ti 3 C 2 T x flakes, which exhibited a field-effect electron mobility of 2.6 ± 0.7 cm 2 V −1 s −1 and a low resistivity of 2.31 ± 0.57 μΩ·m (4600 ± 1100 S cm −1 ). The single flake resistivity is only one order of magnitude higher than the resistivity of bulk Ti 3 C 2 T x and thin films made from Ti 3 C 2 T x flakes, suggesting that Ti 3 C 2 T x flakes form low-resistance electric contacts with each other, which is a practically important result for bulk applications of this material. Finally, we used fabricated FETs to investigate the environmental stability of Ti 3 C 2 T x flakes in humid air. The high-quality Ti 3 C 2 T x flakes are reasonably stable and remain highly conductive even after their exposure to air for 70 h. After the initial exponential decay the drain-source current linearly decreases with time. We explain these observations by the edge oxidation of Ti 3 C 2 T x flakes and support this explanation by AFM measurements. We believe that similar kinetics could be observed for reactions involving other 2D materials as well, in cases when the reactions primarily happen at the edges. Many of such kinetics studies of other conductive 2D materials may potentially be carried out using the electrical measurement scheme that was disclosed in this paper. [4] and Modified Procedure: MAX phase precursor, Ti 3 AlC 2 , was produced as described elsewhere. [4] Following the procedure reported by Ghidiu et al., [4] 0.67 g of LiF was dissolved in 10 mL of 6 m HCl and the solution was allowed to mix thoroughly at room temperature for a few minutes. After that, 1 g of Ti 3 AlC 2 was slowly added over the course of 5 min to avoid initial overheating due to exothermic nature of the reaction. Then, the temperature was brought to 35 °C and the reaction allowed to proceed under continuous stirring (550 rpm) for 24 h. The resulting MXene powder was repeatedly washed with DI water until almost neutral pH (≥ 6). The product was then collected using vacuum-assisted filtration through a PVDF membrane (0.45 μm pore size, Millipore) and dried in a vacuum desiccator at room temperature for 24 h. To delaminate 0.2 g of Ti 3 C 2 T x , the freshly produced powder was bath sonicated in 50 mL of DI water for 1 h under continuous argon (Ar) bubbling to minimize oxidation. Then, the Ti 3 C 2 T x solution was centrifuged at 3500 rpm for 1 h and the supernatant, a colloidal solution of MXene, was collected. Previous studies have shown that this solution contains primarily monolayer flakes. [4] In the modified procedure, 1 g of MAX was added to the mixture of 1 g of LiF in 20 mL of 6 m HCl. Other aspects of the procedure remained identical except that the delamination of the resulting Ti 3 C 2 T x powder did not require sonication (Table 1 ).
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